Fano interference for tailoring near-field radiative heat transfer by Rodriguez, Jaime E Perez et al.
Fano interference for tailoring near-field radiative heat transfer
J. E. Pérez-Rodríguez,1 Giuseppe Pirruccio,1 and Raúl Esquivel-Sirvent1, ∗
1Instituto de Física, Universidad Nacional Autónoma de México,
Apartado Postal 20-364, México D.F. 01000, México
(Dated: June 20, 2017)
We show the existence of Fano resonances in the context of near-field radiative heat transfer, which
enables the strong suppression and enhancement of the spectral heat flux at specific wavelengths.
We make use of the plasmon-phonon coupling in a symmetric nano cavity composed of a polaritonic
material coated with a metallic layer. Each side of the cavity is kept at different temperatures.
The hybridization of the plasmonic and phononic modes sustained by the multilayer structure is
determined by the matching of their polarization. This leads to the opening of a thermal band gap,
where heat transfer in the coupled system is inhibited for all wave vectors and for wavelengths at
which the individual constituents are thermally transmissive.
Tuning and modulation of near-field radiative heat
transfer (NFRHT) have recently attracted great interest
due to its relevance for various technological applications
such as thermal transistors [1], nanophotonic thermal de-
vices [2], thermal diodes [3] and heat-assisted data stor-
age [4].
Several strategies have been adopted to control the
NFRHT exploiting periodic gratings [5, 6], dielectric
coatings [7], graphene-coated materials [8], phase-change
materials [9–11], porous materials [12–14], metamaterials
[15, 16] and external magnetic fields [17]. Silicon-based
meta surfaces have been shown to provide the largest ra-
diative heat conductance [18].
Near-field radiative heat transfer is mediated by propa-
gating and evanescent modes between two media kept at
different temperatures. The former dominate when the
two media are separated by a distance larger than the
thermal wavelength, while the latter gives a large con-
tribution to the total heat flux when the two media are
close enough that near-field overlap takes place [19, 20].
Near field heat transfer can largely exceed the one by
propagating modes only, that corresponds to the classi-
cal prediction of Stefan-Boltzman law for black bodies
[21] and is a highly coherent phenomenon [22]. Several
experiments have shown this anomalous heat transfer at
the nanoscale [5, 23–32].
A very efficient mechanism for heat transfer is found in
materials sustaining surface phonon-polaritons [33]. The
enhanced heat flux found at specific wavelengths is deter-
mined by the coherent interaction of the evanescent near-
fields. So far, researchers have focused on the phonon
contributions to the heat flux in half spaces, single layers
and multilayers [34–36]. However, the possibility of hy-
bridization between different modes in a multilayer struc-
ture remains unexplored.
Micro- and nanocavities allow the spatial confinement
of different types of excitations in the same volume. For
instance, the coexistence of mechanical vibrations and
optical waves in a micro resonator gave birth to the field
of optomechanics [37]. Moreover, because of the ever
shrinking of electronic devices, they are believed to hold
a role of primary importance in next generation electron-
ics. An important issue is the control of the local heating
and cooling, which is critical to maintaining high perfor-
mances and ensure stability. The archetype structure for
a cavity consists of two homogeneous, parallel and semi-
infinite volumes separated by a gap and kept at different
temperatures.
In nano-optics the near-field interaction has been ex-
ploited to demonstrate enhancement and suppression of
optical properties of coupled systems. The coupling of a
spectrally broad resonance with a narrow one leads to a
distinctive phenomenon known as Fano resonance, where
regions of constructive and destructive interference ap-
pear in the spectrum [38]. Fano resonances were first
observed in atomic systems, and only recently an analo-
gous mechanism has been observed in plasmonic systems,
through dramatic changes in the nanostructures scatter-
ing cross section, extinction and photoluminescence of
light emitters coupled to them [39–42].
In this Letter, we propose a mode hybridization scheme
to tailor NFRHT. We make use of a symmetric nanocav-
ity made of metal-coated dielectric layers, to induce a
strong coupling between surface plasmon-polaritons in
the metal and surface phonon-polaritons in the dielec-
tric. This gives rise to Fano resonances which dramati-
cally affect the spectral heat flux, eventually opening a
large tailorable bandgap.
Within the fluctuating electrodynamics formalism [43],
the NFRHT is described by the spectral heat flux
Sω(T1, T2, d), expressed as [13, 21]
Sω(T1, T2, d) = (Θ(ω, T2)−Θ(ω, T1))
∑
j=p,s
∫
βdβ
(2pi)2
τj(ω, β, d),
(1)
where the sum runs over the two possible polarizations p
or s, ω is the frequency, Θ(ω, T ) = ~ω(exp(~ω/kBT ) −
1)−1 is the Planck distribution function, β is the com-
ponent of the wave vector parallel to the interfaces, re-
lated to the normal component κ by the relation κ2 =
(ω/c)2 − β2 in vacuum and κ2i = (ω/c)2i − β2 in a ma-
terial with dielectric function i.
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2The energy transmission coefficient, τj(ω, β, d), has
two contributions, one from propagating waves (β < ω/c)
and the second one from evanescent waves (β > ω/c),
τp,s(ω, κ, d) =
{
(1− |rp,s|2)2/|1− r2p,se2iκd)|2, if β < ω/c
4Im(rp,s)
2e−2|κ|d/|1− r2p,se−2|κ|d|2, if β > ω/c
(2)
where rp,s are the reflectivities written in terms of the ef-
fective surface impedances [44] to account for the layered
structures and the finite thickness of the slabs.
The system we consider, shown in Figure(1), is com-
posed of two metal-coated dielectric layers separated by
a gap of L=10 nm. Each dielectric layer is made of a
polaritonic material, NaBr, while the metallic coating is
made of porous Bi. The thickness of Bi is d1=75 nm,
while the thickness d2 of NaBr varies between 75 and
750 nm. The temperature difference within the cavity is
300 K, well below the Wien wavelength associated to T1
and T2. The dielectric function of the NaBr is a Lorentz
type NaBr = 2.6(ω2 − ω2LO + iωγa)/(ω2 − ω2TO + iωγa),
where ωLO = 39× 1012 rad/s is the longitudinal phonon
frequency, ωTO = 25 × 1012 rad/s is the transverse
phonon frequency, and γa = 10−2ωT0 is the damping
parameter [45]. For bulk Bi, we consider a Drude model
with a plasma frequency of ωp = 60.77 × 1012 rad/s,
plus a sum of nine Lorentz oscillators [46]. The di-
electric function of a porous Bi layer is described by
a Bruggeman effective medium approximation [14] in
which the resulting effective plasma frequency is given
by ωpeff = ωp
√
(2− 3f)/3, where f is the porosity of
the Bi [47, 48].
We first analyze the individual contributions to the
NFRHT of the two NaBr layers and the two Bi layers.
The left column of Fig. 2 displays the p-polarized trans-
FIG. 1. Geometry of the symmetric nanocavity formed by a
polaritonic material (NaBr) coated by a layer of porous Bi.
The two sides of the cavity are kept at different temperature
(T1 = 300 K and T2 = 0 K).
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FIG. 2. (a,c,e) p-polarized transmission coefficient as a func-
tion of the normalized frequency and normalized wave vector.
(b,d,e) Spectral heat flux as a function of the normalized fre-
quency. The cavity is formed by (a,b) two 75 nm-thick, non-
porous Bi layers, (c,d) two 75 nm-thick NaBr layers and (e,f)
two 75 nm-thick, non-porous Bi layers and two 75 nm-thick
NaBr layers.
mission coefficient, τp (Eq. (2)), as a function of the
normalized frequency, ω/ω0 with ω0 = 1014 rad/s, and
normalized wave vector βc/ω0. On the right column, we
show the spectral heat flux, Sω (Eq. (1)), as a function of
the normalized frequency. Figures 2(a-b) and (c-d) cor-
respond to the two non-porous 75 nm-thick Bi layers and
the two 75 nm-thick NaBr layers, respectively. The light
cone can be appreciated in panels (a,c,e) for values of the
wave vector very close to 0. The dispersive and spectrally
broad feature in Fig. 2(a) is associated with the excitation
of the evanescent gap surface plasmon polariton (G-SPP)
[49]. This mode arises from the coupling of surface plas-
mon polaritons sustained by the two metallic layers (see
Supplemental material (SM) [50]) and for large values of
βc/ω0 it approaches the value ωpeff ' ωp. The contri-
bution of the G-SPP to Sω is shown in Fig. 2(b) which is
peaked in correspondence to the dispersionless regions of
τp. Figure 2(c) and (d) display several sharp features cor-
responding to the excitation of surface phonon polaritons
(SPhPs). In the bulk case, the longitudinal and the de-
generate transverse optical phonon appear for ω/ω0=0.4
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FIG. 3. p-polarized transmission coefficient as a function of
the normalized frequency and normalized wave vector for the
structure displayed in Fig. 1 with a Bi porosity of (a) 0.35
and (c) 0.53. Spectral heat flux as a function of the normal-
ized frequency for the structure displayed in Fig. 1 with a
Bi porosity of (b) 0.35 and (d) 0.53. The dashed red curve
represents the heat flux associated to the G-SPP; the dashed
blue curve represents the heat flux associated to the SPhPs;
and the black continuous curve represents the total heat flux
of the structure. Gray-dashed lines indicate the position of
the longitudinal and transverse SPhPs.
and 0.25, respectively (see SM [50]). In contrast, multi-
ple interfaces allows the excitation of several longitudinal
and transverse modes. These sharp non-dispersive reso-
nances appear in the same wavelength range of the dis-
persive G-SPP. Therefore, the NFRHT of the structure
composed of the polaritonic material and the plasmonic
one is expected to arise from the coupling of G-SPP and
SPhPs, which we termed bare modes of the structure. In
Fig. 2(e) and (f) τp and Sω for the complete structure
are shown, respectively. The small asymmetric features
around ω/ω0=0.25 and 0.4 are due to the coupling be-
tween G-SPP and SPhPs, allowed by the longitudinal and
transverse polarization components of the G-SPP, which
interact with the longitudinal and transverse SPhPs, re-
spectively. Even though a modification of Sω is visible for
frequencies close to the phonon ones, the overall plasmon-
phonon coupling is weak because of the limited spectral
overlap of the bare modes of the system.
To optimize the coupling of the G-SPP and the SPhPs
we vary the porosity of the Bi layer which effectively low-
ers its plasma frequency (see SM [50]). We assume that
the porosity only affects the plasma frequency without
introducing additional scattering channels for the bare
modes. In Figs. 3(a) and (c) we plot τp for two values of
the porosity, f=0.35 and 0.53, which shift ωpeff to the
frequencies of the longitudinal and transverse SPhPs, re-
spectively.
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FIG. 4. (a) p-polarized transmission coefficient as a function
of the normalized frequency and normalized wave vector for
the structure displayed in Fig. 1 with the thickness of the
NaBr layer equals to 750 nm. (b) Width of the bandgap at
βc/ω0=18 as a function the thickness of the NaBr layer.
In Fig. 3(a) the plasma frequency is tuned to ωLO.
We observe a weak coupling between the bare modes for
frequencies close to ωLO, while close to the transverse
phonon frequency, ωTO, a stronger coupling appears. In
order to analyze this mode coupling, in Fig. 3(b) the con-
tributions to Sω from the NaBr layers and porous Bi lay-
ers are plotted with dashed blue and red curves, respec-
tively. The black continuous curve represents Sω for the
complete structure. The hybridization between the bare
modes becomes evident close to ωT0 where Fano interfer-
ence occurs and Sω displays an asymmetric line shape.
This is due to the interference between the spectrally
broad G-SPP and the spectrally sharp SPhPs which al-
lows tailoring the radiative heat transfer by creating spec-
tral regions of enhanced and suppressed heat flux with
respect to the one due to the bare modes.
By tuning the G-SPP peak to the transverse SPhP
(see Figs. 3(c-d)) we obtain a spectral window where the
heat transfer is forbidden for all wave vectors, although
Sω associated to the bare modes exhibits a maximum.
This phenomenon is the thermal analogy of the electro-
magnetically induced transparency observed in resonant
photonic nanostructures [51–55]. We associate the split-
ting of the G-SPP band to the strong coupling between
the G-SPP and the transverse SPhPs resulting in the ex-
citation of plasmon-phonon polaritons. The contribution
to the NFRHT due to the coupling of the G-SPP with
the longitudinal phonons is always weak or absent due
to the polarization mismatch between the bare modes.
Calculation for the total Sω is found in the SM [50].
The spectral window of forbidden NFRHT is deter-
mined by the coupling efficiency of the G-SPP with the
transverse SPhP, which, in turn, is related to the geom-
etry of the cavity. In Fig. 4 we study the opening of the
thermal bandgap for different values of the thickness, d2
of the NaBr layers and for f=0.53, while all the other
geometrical parameters are kept constant. In Fig. 4(a)
we plot τp for d2=750 nm, while in Fig. 4(b) the width of
the bandgap at βc/ω0=18 is plotted as a function d2. We
see that the width of the bandgap saturates as d2 grows.
This can be explained by looking at the decay length of
4the electric field of the plasmon-phonon polariton, which
can be estimated as [49] Ld ' |κNaBr|−1 and is equal
to 160 nm for βc/ω=18. For d  Ld the field leaks out
the structure and, correspondingly, more phonon peaks
appear in Sω (see Fig. 3) with respect to the bulk case
(see SM [50]).
In conclusion, we demonstrated the excitation of
Fano resonances and the modulation of NFRHT in
a symmetric nanocavity composed of a polaritonic
material coated with a metallic layer. These resonances
arise from the coupling of surface plasmon polaritons
and surface phonon polaritons sustained by each layer
and strong suppression and enhancement of the total
spectral heat flux in specific frequency regions is shown.
The mode hybridization is explained in terms of polar-
ization matching and it causes the opening of a thermal
bandgap. We show that the width of the bandgap can
be controlled through the geometrical parameters of
the nanocavity, and that under resonant conditions,
the thermal properties of the nanocavity are radically
different from those of its constituents.
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